Introduction
Dyes and detergents are being used extensively throughout the modern world. The textile industry is one of the most polluting and water consuming activities. It generates highly toxic water discharge because of the presence of various chemical compounds: organic dyes, surfactants and heavy metals [1, 2] . Dyes cause visible persistent staining and are difficult to biodegrade [3] even at very low concentrations, sometimes less than 1 mg L -1 [4] . Staining can therefore persist in the effluent after biological treatment, which requires the use of tertiary treatment. To reduce the impact of this kind of pollution, several technologies have been used, including chemical and physical techniques. However, these methods have not always been successful [5, 6] . On the other hand, adsorption has proved to be promising for the removal of organic molecules. Activated carbon has widely been used because of its high adsorption capacity of organic species [7, 8] . Oil residue, natural coal and wood are known as the main precursors of activated carbons [9] . But in the past few decades, other low-cost and readily available precursors have been used. For example, coconut [10] , petroleum coke [11] , bamboo [12] , rice husks, bagasse [13] , pecan shells [14] , olive stones [15, 16] , date pits [17] , artichoke leaves [18] , coffee bean residue [19] … The removal of organic dyes and particularly Methylene blue (MB) by activated carbon granules were studied by several authors [20] [21] [22] [23] . The adsorption of cationic MB is also known for the determination of specific surface area or of the MB index used to qualify industrial adsorbents [6, 24] . This work aims at valorizing olive stones as an agricultural waste into a useful granular activated carbon (GAC) and comparing its Methylene blue adsorption capacity to that of a commercial one (Organosorb 10). The first part of this work is devoted to the batch study of the adsorption of MB on both granular activated carbons. The influence of parameters such as equilibrium time, pH of the solution, along with dye adsorption isotherms was investigated. The second part concerns the study of adsorption in a continuous process (on fixed bed column). The influence of bed height, flow rate and concentration of Methylene blue on adsorption was examined and the "Bed depth Service time" (BDST) model was applied to predict the performance of such a system. 
Valorization of olive stones into

Abstract
This work aims at valorizing olive stones as an agricultural waste into an efficient granular activated carbon for the removal of Methylene blue in batch and fixed bed modes from aqueous solutions. The adsorption capacity of the prepared activated carbon was evaluated using these two modes. The activated carbon preparation was carried out in two steps: an impregnation with 50% phosphoric acid at 170 °C for 2.5 hours followed by physical activation using steam at 750 °C. Nitrogen adsorption studies at 77 K on the prepared and commercial (Organosorb 10) activated carbons resulted in specific surface areas of 1031.5 and 1029.2 m 2 .g -1
, respectively. The Langmuir model was found to describe correctly the isothermal adsorption of Methylene blue for both adsorbents and resulted in adsorption capacities for the olive stone activated carbon of 107 mg.g -1 and 121 mg.g -1 for the commercial one. This study shows that olive stones as a waste can be valorized into a value added adsorbent that can replace effectively costly commercial materials.
Material and methods
Adsorbent preparation
In this work, olive stones were first washed extensively with hot tap water then dried 24 hours at 105 °C and crushed in a grinder mortar. After drying, impregnation of the crushed stone particles (≤ 2 mm) was carried out in 50 % weight phosphoric acid for two hours and a half at 170 °C to dehydrate and stabilize the precursor. In a second step, the impregnated precursor was steam activated at 750 °C for two hours in a tubular furnace (Carbolite Furnaces, Banford, Sheffield -ENGLAND) [16] . A steam generator (GENERAL VAPEUR, Patent by GV -ITALY) was used to generate the steam which was fed to the tubular furnace. The obtained adsorbent was washed with hydrochloric acid (0.1 M) to remove any impurities, and with distilled water until the washing water tested with lead acetate revealed no phosphorous presence [25] . Organosorb 10, a commercial activated carbon developed for the purification of process or potable water was used as a reference material (DESOTEC, 12-40 mesh, (0.425-1.7 mm)). The range of particle size to be studied (0.5 -1 mm) was obtained by using a sieving vibrating machine (Retsch 5657 HAAN 1, type VIBRO -GERMANY) for both activated carbons. Apparent density was measured by the ratio of the mass to a given volume by introducing a given amount of activated carbon sample into a 50 mL graduated cylinder and weighing the empty cylinder (m 0 ) and the compacted filled cylinder (m 1 ).
Adsorbent characterization 2.2.1. Iodine number
Iodine number is a widely used parameter for activated carbon testing due to its simplicity and rapid assessment of adsorbent quality. It gives an estimate of its microporous volume. Iodine number is defined as the milligrams of iodine adsorbed by one gram of material when the iodine residual concentration of the filtrate is 0.02 N (0.01 mol L -1 ) according to ASTM D4607 standard [26] , which is based on a three-point isotherm. A standard iodine solution (0.1 N) is treated with three different weights of biosorbent. The sample is treated with 10 mL of 5% (v/v) HCl. The mixture is boiled for 30 s and then cooled at room temperature. 100 mL of 0.1N iodine solution is immediately added to the mixture and stirred for 30 s. The solution is then filtered and 50 mL of the filtrate is titrated with 0.1 N (0.05 mol L -1 ) sodium thiosulphate solution using thyodene as an indicator. The amount of iodine adsorbed per gram of adsorbent is plotted against the residual iodine concentration, using logarithmic axes.
Determination of the surface area accessible to Methylene Blue
MB is a reference dye used to estimate the specific surface area of the absorbent accessible to adsorbate corresponding to the surface area of wide micropores and small mesopores. The available specific surface area S MB (m 2 g -1 ), for MB molecule is calculated by the following equation: 
where P and P 0 are the equilibrium and the saturation pressure of adsorbates at the temperature of adsorption, V is the adsorbed gas volume, and V m is the monolayer adsorbed gas volume. c is the BET constant.
Infrared spectroscopy
A mass of 1 mg of activated carbon sample was mixed with 100 mg of potassium bromide (Biochem Chemapharma). The obtained powder was pressed at 350 MPa and dried for 48 hours at 105 °C. Analyses were then carried out on a IR (Prestige -21 Shimadzu) spectrophotometer. FTIR spectra were then recorded in the wave number range 4000-400 cm −1 at 1 cm −1 spectral resolution.
pH of zero point charge (pH ZPC )
One of the important parameters for the adsorbent is pH ZPC which indicates electrical neutrality of adsorbent surface [15] . pH ZPC is defined as the pH for which there is neutral charge on the surface of the adsorbent. The determination of the point of zero charge (pH ZPC ) of the activated carbons was carried out as follows: initially; 50 mL of 0.01 M NaCl solutions were put into several closed Erlenmeyer flasks. The pH within each flask was adjusted to a value between 2 and 12 by adding HCl (0.1 M) and NaOH (0.1 M) solutions, measured with a Hanna instrument pH meter and noted as pHinitial. After having reached a constant value of pHinitial, 0.15 g of activated carbon sample was added into each flask. The flasks were agitated for 48 h and the final pH was then measured and noted pHfinal The pH ZPC is the value at which pH final = pH initial [16] .
Surface chemistry of activated carbons
Boehm titration was conducted to determine the number and type of surface oxygen groups [17] . Surface functional groups were quantified by assuming that NaOC 2 H 5 reacted with all groups. The amount of various acidic sites was calculated by assuming that NaOH neutralizes carboxylic, lactonic and phenolic groups; Na 2 CO 3 reacts with carboxylic and lactonic groups; and NaHCO 3 corresponds only to carboxylic group. 0.3 g of sample was placed into 30 mL of each solution (0.1 N) for 48 h to reach equilibrium. The acidic oxygencontaining surface groups were determined by back titration with 0.1 N HCl solution.
Adsorption of Methylene Blue
Adsorption studies of MB were carried out on the two granular activated carbons: the olive stone based GAC and the commercial Organosorb 10 GAC.Two adsorption modes were investigated:
• Batch mode (discontinuous process);
• Continuous mode (dynamic process) Aqueous solutions of known concentrations of Methylene Blue (Merck, dye content ≥ 85%) were prepared by dissolving the exactly weighed amounts in distilled water (Table 1) . were mixed with 0.1 g of each adsorbent used. The effect of contact time was determined for (1-6 hours) at the initial MB solution pH of 6.65.
Effect of adsorbent dose
The effect of the adsorbent dose was studied by varying the adsorbent amounts from 4 to 16 g L -1 for an initial MB concentration of 300 mg L -1 (at pH = 6.65).
Effect of pH
Volumes of 25 mL of Methylene Blue solution of known concentration were successively introduced into a series of beakers containing each 0.25 g of adsorbent; pH was varied from 2 to 12 at ambient temperature by adding either 0.1 N HCl or NaOH solutions. The mixture was stirred for 4 hours as determined from kinetic tests, then filtered and analyzed by spectrophotometry.
Isothermal adsorption of Methylene Blue: batch study
In a series of capped Erlenmeyer flasks, 0.25 g of olive stone based GAC or commercial GAC were placed in contact with 25 mL of MB solutions of varying initial concentration C 0 (300-1700 mg L -1 ). The system, maintained at 25 °C, was stirred for 4 hours. Kinetic studies showed that a contact time of 4 hours for the GAC/MB system was amply sufficient for both materials. After centrifugation at 4000 rpm for 15 minutes, the filtrates were analyzed at 665 nm using a Jenway 7305 spectrophotometer and the quantity q e (mass adsorbed per gram of GAC) was determined from the following equation:
where C 0 is the initial concentration of adsorbate (mg L -1 ), C eq the equilibrium concentration of adsorbate (mg L -1 ), m the activated carbon mass (g), and V the solution volume (mL).
The Langmuir and Freundlich adsorption isotherm equations were used to simulate the experimental adsorption data. The Langmuir isotherm model was chosen for estimation of the maximum adsorption capacity corresponding to complete monolayer coverage on the sorbent surface. The generalized non-linear form of the Langmuir isotherm is represented by [18] :
where K L and b are the Langmuir constants related to adsorption energy and maximum capacity corresponding to complete monolayer coverage, respectively. The term of constant separation factor (R L ) is one of the essential dimensionless equilibrium parameters of the Langmuir isotherm modeling, which is defined by the following equation [19] :
where C 0 is the initial dye concentration (mg.
). The R L values indicate the type of the isotherm to be either unfavorable (
The Freundlich model is used for the description of non-ideal sorption on heterogeneous surfaces and multilayer adsorption processes based on the interaction between adsorbed molecules at different energies [19] . The Freundlich equation is given by the following formula:
where K F is a constant related to adsorption capacity and (n) to heterogeneity.
Fixed bed study
Column adsorption experiments were carried out in a glass column with an inner diameter of 1.2 cm and a column height of 50 cm at a temperature of 25°C. The granular activated carbon particles size in the range 0.5-1 mm were placed between two supporting layers of glass-wool oensure uniform distribution and column packing. The solution was pumped using a pump, connected with Teflon tubes from the sample tank to the top of the column (down flow pattern). Flow was checked at the outlet of the column by two valves, one controls excess pump flow and the other controls the flow-meter to avoid and reduce flow fluctuations that may occur inside the bed column. Prior to each experiment, distilled water was passed through the column to rid the column from impurities and air bubbles. Experiments were carried out at different bed heights (2, 3 and 4 cm), influent flow rates (3, 4 and 5 mL min -1 ) and influent MB concentrations (100, 150 and 200 mg L -1
), at specified pH as fed from a 25 L capacity glass tank. Fig. 1 shows the schematic diagram of the adsorption column studied. Grab samples were collected at column outlet at 10 min intervals for analysis. The experiments were run until influent and effluent concentration equality was attained due to saturation of the column. C t /C 0 plots where C t is the effluent concentration as a function of collecting time yielded the MB breakthrough curves.
Resulats and Discussion
3.1. Characterization 3.1.1. BET analysis Fig. 2 shows the N 2 /77K adsorption-desorption isotherms of both the olive stone activated carbon and the commercial one. It can be noticed that the olive stone GAC and Organosorb 10 GAC exhibit essentially similar trends for a large range of pressures up to a P/P 0 of 0.45 corresponding to the filling of micropores. In a higher pressure range a more significant hysteresis loop is observed for the commercial AC with a steeper slope indicating the filling of mesopores and increase of adsorption. Flow-meter ; 5 : glass column ; 6: glass fiber layer ; 7 : GAC bed ; 8 :Sintered glass filter ; 9 : Eluent collector 3.
pH of zero point charge and Boehm results
The values of the pH ZPC for the two activated carbons are shown in Table 2 . At pH < pH ZPC , the carbon surface has a net positive charge, while at pH > pH ZPC , the surface has a net negative charge [20, 21] . Olive stone GAC showed an acidic pH ZPC value of 3.5 while Organosorb 10 GAC showed a much higher and basic pH ZPC . This is consistent with the Boehm titration results (Table 3) for the activated carbon from olive stone showing the presence of more acidic function groups [21] . 
FTIR analysis
The Fourier transform infrared spectra for both granular activated carbons are shown in Figure 3 . For both activated carbons, a broad band around 3400 cm -1 characteristic of the stretching vibration of hydroxyl group due to hydrogen bonded O−H (from carboxyls, phenols or alcohols) and chemisorbed water. The peak around 2920 cm −1 is indicative of symmetric or asymmetric C−H vibrations [22] of aliphatic acids. The peaks at 1641 cm -1 from the stretching vibration of the carbonyl CO or the aromatic (C−C) ring stretching and 1439 cm -1 the carboxylate COO -ion. The peak at 1384 cm −1 may be due to the asymmetric bending vibration of the −CH 3 group, [23] and at 1060 cm −1 to the C−O group in carboxylic and alcoholic groups [23] . For the commercial GAC, the band at 2924 cm −1 may indicate symmetric or asymmetric C−H stretching vibration of aliphatic acids [22] , that at 2053 cm -1 may be due to the stretching vibration of C≡C− group while at 788 cm -1 to the vibration of an aromatic group.
The analysis of the spectra shows the presence of several functional groups such as carboxylic, or phenolic groups at the surface of the activated carbons partially confirmed by the Boehm method results. Fig. 4 shows the percent removal vs. contact time for MB onto the olive stone and Organosorb 10 GACs. The equilibrium time observed was reached after a contact time of 4 hours for both activated carbons. 
Adsorption batch study 3.2.1. Adsorption equilibrium time determination
Effect of dose of adsorbent
The percentage of the dye removed by adsorption on two GACs as a function of carbon dosage was studied and maximum uptakes for the MB (>99%) were obtained at an Olive stone GAC and Organosorb 10 GAC dosage of 10 g L −1 .
Effect of pH on adsorption
The pH of the dye solution is one of the most important parameters as the protonation of functional groups on adsorbent surface and the chemistry of dye molecules are strongly affected by pH of the solution [24] . It is well known that the pH of the adsorption medium is a critical parameter affecting the whole adsorption process, particularly the dye uptake [25] . However, the surface charge of the adsorbent type can be modified by the pH of the external solutions. The results of adsorption uptake of MB as a function of pH showed that there was no major effect even at high pH values but a slight increase in MB uptake was noticed at pH 6.65 for the olive stone adsorbent and organosorb10. Therefore, a dye solution pH of 6.65 was chosen for both activated carbons.
Adsorption isotherms
The MB adsorption isotherms of the two materials are depicted in Fig. 5 while Table 3 summarizes the parameters computed by applying the Langmuir and Freundlich models. It was observed that the Freundlich model is less suitable to reproduce the adsorption of MB on both GACs as determination coefficients were lower than 0.94 and poor linearity was obtained. As the Langmuir model is the most representative of the adsorption mechanism with determination coefficients greater than 0.99, it might suggest that the adsorption occurred through the formation of BM monolayer on identical energy sites. The R L value in the range 0 -1 also confirms the favorable adsorptive uptake of dye process. Adsorption capacity is known to depend on the surface area of the adsorbent [26] . The iodine number, surface area accessible to MB, BET specific surface area and apparent density are shown in Table 4 for the two GACs. The BET surface area of the prepared activated carbon and that of the commercial activated carbon are very close. The magnitude of S BET should be greater than the Methylene Blue monolayer capacity-based surface area due to the difference in the molecular size of nitrogen and Methylene Blue molecules. The ratio S MB /S BET indicates the proportion of surface area available for the larger Methylene Blue molecule. The surface accessible to Methylene Blue was computed from the Langmuir constants using Equation (1) yielding a surface ratio (S MB /S BET ) of 0.23 and 0.26 for the olive stone and the commercial GAC, respectively showing that Methylene blue accessed but a small percentage of the available surface area as estimated from BET analysis for the two materials. Hence, this small percentage confirms (with iodine number and Langmuirian type MB isotherms) the microporous behavior of both activated carbons [27] . The surface area accessible to MB is about 12.8% larger for Organosorb 10 GAC than that corresponding to olive stone GAC suggesting a larger mesoporosity for the commercial carbon [28] but adsorption of MB may also depend on the microporous character of the carbon surface as has been reported in the literature [29, 30] stating that MB can penetrate in wider micropores (> 1.33 nm) present on the activated carbon, or on its slightly different surface chemistry as shown by Boehm results, pH ZPC values and FTIR spectra on the activated carbons and could be responsible for higher electrostatic interactions on the commercial carbon [31] . This ratio is slightly greater for the Organosorb 10 GAC suggesting that although the porosity was associated with a large part of microporous structure, the presence of carbon-oxygen groups may also have an influence on the adsorbate uptake by providing sites for additional adsorption. This may explain the slightly higher adsorption capacity exhibited by the commercial GAC [7] .
Fixed bed adsorption
Improving the performance of a granular activated carbon fixed bed adsorption column requires the ability to predict the breakthrough curve as a function of various system parameters. This curve reflects the concentration profile of the pollutant to be removed at the column outlet versus time. In this part of work, we focus on the design criteria in fixed bed systems, i.e., the running time of an adsorbent material to remove a pollutant from a given solution before regeneration is necessary. This period is called the service time of a column. Before applying the model description, it is useful to study the effect of certain parameters on the dynamic adsorption mode (breakthrough curves). These parameters are: bed height, flow rate and solute concentration. . The results are shown in Fig. 6  (a and b) for the selected bed heights. All breakthrough curves have a sigmoidal shape. Increasing bed height results in an increase of the breakthrough time t b (defined as time at which the MB concentration of the effluent is equal to 5% of the MB concentration of the influent to the bed) due to the increase of the adsorption sites number. Increase in bed height of adsorption columns leads to an extension of breakthrough point as well as the exhaustion time of adsorbent. Axial dispersion is more often dominant over actual expected mass transfer of solute during column adsorption when shorter bed heights are used as opposed to longer bed height [32] . As illustrated in Fig. 6 (a and b) , the breakthrough time varied greatly with bed height. The breakthrough time increased from 35 min to 285 min of olive stone GAC and from 40 to 310 min of Organosorb 10 GAC, with increasing bed height from 2 to 4 cm. For a height of 4 cm, the commercial activated carbon yielded the longest t b (310 min) in comparison with 285 min for the prepared GAC. GAC bed (C 0 = 100 mg L -1 and F = 3 mL min -1 (b)).
Effect of MB flow rate
The volumetric flow rate of Methylene Blue F was varied from 3 to 5 mL min -1 and the corresponding breakthrough curves were plotted in terms of C t /C 0 versus time for an initial concentration of 100 mg L -1 . The representative curves show that a lower rate results in a longer breakthrough time (as observed by Zhang) [11] for the two GACs. As for the olive stone GAC, the flowrate plays a significant influence on the breakthrough time, for instance, for a selected height of 4 cm and an initial concentration of 100 mg L -1 , it was found the flow rate resulting in the longest breakthrough time (t b = 285 min) is 3 mL min -1 . The same goes for the commercial GAC with a selected height of 4 cm and an initial concentration of 100 mg L -1 giving a breakthrough time of 310 min for the same flow rate.
Effect of Methylene blue concentration
In this section, the effect of the concentration of the dye is studied by varying the concentration of MB from 100, 150 and 200 mg L -1 while maintaining the same conditions of flow rate 3 mL min -1 and bed height 2, 3 and 4 cm. The results giving the breakthrough curves are shown in Fig. 7 (a to f) . The breakthrough curves showed that the increase in the concentration influences the saturation of the bed and the breakthrough time the phenomenon can be explained by the fact that the lower the concentration of the solute, the longer the adsorption zone [11] . The results indicate that an increase in the concentration of MB entails a decrease in the breakthrough time t b with steeper breakthrough curves slopes for both activated carbons as observed by several authors [8, 11] . A higher initial concentration yields a higher driving force along the pores thus the equilibrium is attained faster for higher adsorbate concentration. On the other hand, the time required to reach saturation increases with decreasing the inlet solute concentration. This may be attributed to the fact that diffusion rate is controlled by the concentration gradient. Similar findings have been obtained by Shaidan et al. [33] . Hutchins [36] and McKay and Bino [37] .The relationship of breakthrough time (t b ) as a function of the height of the adsorption fixed bed (Z) is given by Hutchins in the following expression [10] : .98) likely explain the high efficiency of the MB-GACs bed, ensuring the validity of BDST model for the present system. The parameters related to the BDST model as estimated are depicted in Table 5 . It can be observed that both the adsorption capacity (N 0 ) and adsorption rate constant (k a ) of the fixed bed increase with flow rate keeping an inlet concentration of 100 mg L -1 ) for both GACs. The values of N 0 increase with inlet concentration of MB. However, the values of k a remain essentially constant for a varying inlet concentration of BM and a constant flow rate (3 mL min -1 ). It can also be said that the rate of increase of the sorption capacity with influent concentration is constant equaling 19.9% and 13.3% for Organosorb 10 and Olive stone GAC, respectively. This can be attributed to the increase in driving force (concentration gradient or mass transfer) for the adsorption process [38] . For a given GAC, the sorption capacity is larger for a lower flow rate since a better contact adsorbent-adsorbate is expected with a longer residence time for molecules. Also, the capacities obtained from the batch process are much higher than from fixed bed process as expected since the corresponding contact times are much longer. The critical fixed bed height is also similar (< 2 cm) for two GACs and increases slightly together with concentration for both systems. For the two activated carbons studied, the BDST model was suitable for describing all the breakthrough curves and estimating the dynamic parameters such as the adsorption rate constant (k a ), 5% breakthrough time (t b ) and adsorption capacity (N 0 ).
Conclusions
This work aimed at valorizing olive stones as an agro-waste into an efficient granular activated carbon and comparing its performance and characteristics to a commercial granular activated carbon, taken as reference, through the adsorption of the typical Methylene blue dye using both batch and continuous processes. For the batch process, the Langmuir model was found to adequately describe the adsorption of the dye for both granular activated carbons investigated. The adsorption capacity of Methylene blue reached 107.4 and 121.4 mg g -1 for the olive stone and commercial materials, respectively. In the fixed bed process: the bed depth service time model was found to adequately describe the sorption process of the dye investigated and can hence be used to predict the breakthrough curves and work time of the column with relevant parameters. Olive stones can be adequately transformed into a granular activated carbon that can be used to pack adsorption columns for water depollution and recycling applications.
